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1. INTRODUCTION 

The electrical supply system is recognized to require a power transformer as critical hardware. A 
power transformer's unexpected breakdown might lead to a number of issues that would immediately impact 
the electrical supply system. For instance, a straightforward malfunction at the distribution end will result in 
an electrical blackout in the contained area. Additionally, a long-term interruption in transformer operation 
due to a failure of the insulation results in a loss of revenue, which is the main concern of asset managers for 
utilities. Since the oil in transformers is in direct contact with high voltage (HV) components, the failure of 
the transformer could be extremely harmful. Hence, a transformer failure could make a fire more likely. 
Therefore, it is critical to check on the health of the insulation materials, such as pressboard, paper, and 
insulating oil. The oil-filled transformer's insulation system is made up of organic materials, primarily 
hydrocarbon oil and cellulose insulation. The insulating oil serves primarily as a heat transmission fluid [1]. 
The cellulose insulation, which includes a pressboard and paper, provides mechanical support and separates 
the transformer winding. Among the transformer insulation parts, cellulose is regarded as the most important 
insulating substance because it determines the transformer's lifetime [2]-[4]. However, as the transformer's 
lifespan lengthens, the insulation deteriorates and its chemical composition changes. 

Recent years have seen a rise in interest in the research of kenaf (Hibiscus Cannabinus L.) as a 
source of manufacturing materials, particularly in the biocomposite sector. Kenaf is chosen as a substitute 
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material because of its quick growth and benefits of non-woody plants. In addition, kenaf is a plant with a 
high rate of photosynthesis, making it an environmentally friendly, sustainable, and renewable source of fiber 
for different types of paper. Kenaf is identified as an alternative source of fibrous materials for the 21* 
century. Additionally, the United States development agriculture recognizes kenaf as the non-wood 
commodity with the greatest potential for paper production (USDA). The water-resistant insulation was made 
to withstand exposure to water without suffering significant physical damage [5]. Zawawi et al. [5] 
developed a paper with great water resistance, that using kenaf fiber combined with synthetic polyethylene 
(PE). Besides, Zukowski et al. [6], discovered that mixing cellulose with its derivatives, such polyamide, 
produces good water resistant properties. 

By decreasing its electrical and mechanical qualities, moisture in the transformer causes the 
insulation to degrade. A known cause of partial discharge activity and other dangers that interfere with the 
transformer's operation is excessive moisture. The current cellulose pressboard has strong dielectric 
properties, but its key downside is hygroscopic behaviour. Generally, the moisture inside the pressboard 
could introduce specific threats such as ignition of partial discharge, emission of gaseous bubbles at high 
temperatures, and acceleration of cellulose paper ageing [7], [8]. PD charge magnitude (q), partial discharge 
inception voltage (PDIV), and breakdown voltage (BDV) are the variables that are used to determine the 
integrity of oil-impregnated pressboard (OIP). The presence of PD activity is an alarming indicator of the 
developing of a dangerous defect, resulting in the transformer’s failure. The factors initiating PD activities 
are electrical or mechanical weakening in voids, delamination, gas bubbles or conductive particles, and 
excessive moisture [7], [9]. Table 1 defines the condition of solid insulation with moisture content, as stated 
in IEEE ® Std 62 - 1995 [10]. 


Table 1. Moisture content condition of solid insulation [10] 


Type of insulation Moisture (%) 
Dry insulation 0-2 % 
Wet insulation 2-4 % 

Very wet insulation > 4.5 % 


Numerous research have focused on how moisture and temperature affect insulation because they 
accelerate the deterioration process. Rahman [11] investigated the effect of moisture on the PD characteristics of 
oil-impregnated pressboards. Meanwhile, Zhang et al. [12] and Khawaja and Blackburn [13] both explored the 
effect of temperature on PD behaviour. According to their findings, PD activity has significantly increased as a 
result of the rise in temperature or moisture content of cellulose insulation. Because cellulose insulation is 
hygroscopic, some risks, such the ignition of PD, could arise when the transformer is in use. In addition to 
hygroscopic problems, another drawback of the current pressboard is that it is made from wood pulp. In order to 
produce an insulating pressboard with great mechanical strength, long-fiber softwood is preferred [14]. As a 
result of growing environment friendly products, numerous types of study have been done to look for substitute 
resources to replace the wood-based sector as a method to get ready for a global lack of forestry resources. 
Several plants that don't make the wood have been found. Most of them come from fast-growing species, like 
Acacia mangium, Shorea macrophylla, kenaf, bamboo, and a few others [15]. 

The kenaf crop, one of the non-wood species described, has exceptional potential for producing paper 
and pressboard. due to the qualities of its fibers, especially the outer part, which are affordable, low density, 
tough, recyclable, have adequate strength capabilities, and are biodegradable [15]. Besides, the chemical 
compositions of kenaf, especially the core, are almost like wood in behavior. Kenaf has been studied for use in a 
variety of industries, including agriculture, transportation, furniture, and building construction. The kenaf 
investigation has not been carried out in great detail in electrical insulating locations. Although kenaf has the 
potential to replace the current cellulose transformer insulation, pressboard in particular has not yet been the 
subject of any research. Hitherto, only Chen et al. [16] explored the heat aging characteristics of kenaf bast fiber 
as electrical insulating paper. They discovered that kenaf bast fibers have excellent anti-aging characteristics. 
[16]. However, the study's main objective was kenaf paper, and the only variable considered was temperature. 

For these reasons, a newly developed kenaf pressboard was proposed as an alternative to the current 
wood-based pressboard [17]. While kenaf research is still in its early stages, the government offers numerous 
incentives to promote kenaf use [18]. There has not yet been a thorough investigation on the use of kenaf as 
insulation for transformer pressboard. Therefore, the objective of this article is to study the newly developed 
kenaf composite pressboard KPP focusing on its characteristics towards PD activities and a comparison with the 
existing pressboard NP. Also, their hygroscopic behaviour towards changes moisture levels. Besides that, the 
impact of PD activity on surface deterioration was observed between normal pressboard (NP) and Kenaf- 
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polypropylene pressboard (KPP) pressboard at a different moisture content. This study is important since it will 
provide information about the newly created kenaf composite pressboard that was made. It has been 
hypothesized that KPP research will improve the water resistance of cellulose insulation. Besides, KPP has 
resulted in a better insulation performance compared to the existing NP although under high moisture 
conditions. Kenaf composite pressboard shows the superior performance of mitigating the PD thereby reducing 
risks of failures. 


2. MATERIALS AND METHODS 
2.1. Preparation of the Kenaf Pressboard 

The kenaf core and stem were separated using a decorticator. The pulverizer was then used to 
reduce the size of the core after it had been put into a flake. Only kenaf with a diameter between 0.5 and 0.25 
m was chosen from the kenaf core's screening. After that, to remove moisture, the kenaf fiber and 
polypropylene were dried in a vacuum oven for 24 hours at 80 °C. After that, the polypropylene and kenaf 
composites were mixed together in a twin-screw mixer at 175 °C and 300 rpm. The polypropylene and kenaf 
composite was placed into a mould when the compounding process was finished. The blended composite was 
first compressed for nine minutes at 175 °C while being allowed to cool for around three minutes. The 
sample was prepared for testing by conditioning it for 24 hours at 23 °C room temperature. 


2.2. Kenaf pressboard moisture addition 

To simulate dry and wet insulation, respectively, samples with moisture contents of 0%, 1%, and 
3% were employed in this study. The pressboard was first dried for 24 hours at 105 °C and 100 Pa of vacuum 
to get rid of any moisture that may have been present. The pressboard sample was kept in Memmert's 
Humidity Chamber to raise the moisture content. The pressboard samples were then impregnated by being 
submerged in mineral oil for 24 hours under vacuum. Different weight percentage techniques developed in 
(1) were used to determine the percentage of water absorbed by the pressboard [19], [20]. 


% M, = ea x 100% (1) 


dry 


where % M; is the percentage of water absorbed, and Wary is the weight of the dried pressboard before 


placing it in Memmert’s Humidity Chamber. Whereas Wwet is the weight of moisturized pressboard exposed 
to moisture. 


2.3. Test cell configuration for partial discharge measurement 

The CIGRE method II configuration served as the foundation for the experimental model for PD 
measurement in this work [21]—[23]. For the purpose of characterizing the PD activity of the void at oil-paper 
interfaces, the test cell was constructed. The pressboard samples consist of three layers attached to form a 
sandwich structure of insulation paper. The top and bottom layers are 3.0 mm thick pressboard each. 
Meanwhile, the middle-layered paper functions as a spacer with a 0.5 mm thickness. An artificial disc-shaped 
void with a diameter of 1.0 mm was created. The structure of the test cell used in this study is shown in 
Figure 1. To avoid surface flashover, mineral oil was poured into the test cell. 


HV 


Sample:- 
Electrode Oil-filled Top layer: 
container 3mm 
pressboard 
Low density , , 
polyethylene Middle layer: 
(LDPE) 0.5mm kraft 
paper with 
lmm void 
Ground Bottom 
Electrode layer: 3mm 
pressboard 


Figure 1. CIGRE method II test cell configuration 
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2.4. Partial discharge measurement setup 

The PD of oil-impregnated pressboard was measured using an applied voltage that was 1.6 times the 
PDIV. After that, a constant AC voltage was maintained for 6 hours for the experiment, depending on the 
recurrence of discharges [24]. By using Haefely's PD calibrator type 451, the PD apparent charge was 
calibrated prior to the measurement. Figures 2 and 3 show the equivalent circuit diagram and how the PD is 
set up. 


Regulating Power HV Test Coupling Test 


Transform er Line T er Capacitor Object 
l 


E -E + K 
L 


Control Unit PD detector 


Figure 2. Schematic diagram of partial discharge setup 
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transformer Quadrapole 
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Figure 3. Haefely’s partial discharge measurement setup 


3. RESULTS AND DISCUSSION 

PD magnitude and PDIV, especially in the case of oil-impregnated pressboard, are typically the key 
factors that define the integrity of the insulation [11]. Also, PD characteristic is one of the essential factors in 
diagnosing insulating materials [23]. In this section, PDIV, PRPD pattern, Statistical Moments for PD 
magnitude, and SEM analysis were analyzed accordingly. 


3.1. Partial discharge inception voltage (PDIV) 

When there is one or more PD pulses arose initially, the PDIV was determined. The voltage across 
the sample was steadily raised until the discharge pulse appeared in order to measure PDIV. The PDIV for 
NP and KPP is shown in Figure 4 under various moisture conditions. NPO, NP1 and NP3 represent the NP 
with 0%, 1%, and 3% moisture, respectively. Similarly, for KPP also KPPO, KPP1 and KPP3. The PDIV 
value drops as pressboard's moisture content rises, as is shown in Figure 4's distinct trend. The maximum 
PDIV value is displayed by dry pressboards with zero moisture. The highest PDIV is displayed by the KPPO 
at 6 kV, followed by the NPO at 4.18 kV. At 1% moisture content, the maximum PD magnitude of KPP1 was 
39% lower than NP1. 
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Figure 4. PDIV for NPs and KPPs at different moisture conditions 


The smallest number of PDIV occurred at 3% moisture level, when the first pulses were presented 
by NP3 at 1.6 kV and by KPP3 at 1.87 kV. On an average of three moisture conditions, KPP recorded PDIV 
is more than 25% increment than NP. Also, the applied voltage for pressboards with 3% moisture content 
was decreased by 72% and 60% for KPP3 and NP3, respectively. Because water molecules in poly-molecular 
layers require less ionizing energy on wet pressboards than on dry pressboards, the considerable decline in 
PDIV on wet pressboards can be explained [25]. The PDIV on dry pressboard was higher because the water 
molecule ionization's contribution to the discharge's initiation was minimal [26]. 


3.2. Phase resolved partial discharge (PRPD) pattern 

According to each sample's PDIV, a different applied voltage was applied. Figure 5 presents the 
PRPD pattern of each sample after conducting a PD experiment for 6 hours. Figures 5(a) to (f) make it 
clearly visible that the high voltage stress that caused the majority of the discharge pulses to be generated by 
all samples was concentrated towards the peaks of both half cycles. The symmetrical pulse patterns suggest 
that internal void discharge is what caused the PDs. 

Based on PRPD patterns of dry and wet condition pressboards, as shown in Figure 5, the maximum 
PD magnitude of NP at 0%, 1% and 3% are 181 pC, 425 pC and 1620 pC, respectively. Similarly, for KPP, 
38 pC, 110 pC and 810 pC are shown. The comparison between NP and KPP indicates that the KPP 
maximum PD magnitude is 4.76, 3.86, and 2 times lower than NPP for 0%, 1%, and 3 % of moisture. 
Besides that, it was found that lesser PD pulses appear for KPP samples. Interestingly, even though the 
applied voltage was higher for KPP, the PD magnitude was significantly lower than the NP. 

As a consequence of PD trends, as the moisture level rises, the PD magnitude also rises. Not only 
for NP, but KPP also shows the same trend. These outcomes were connected to Rahman et al. [11] work, 
they discovered that the PD magnitude of the pressboard gained with the increasing moisture content. 
Besides, when moisture levels increase, the phase range becomes wider in terms of PD phase occurrences. 

Between both types of pressboards, KPP demonstrates greater resistance to PD occurrences 
compared to NP. In addition, KPP was able to tolerate a higher voltage with lesser PD occurrence. This can 
be elucidated probably due to the combination of KPP and resin (polypropylene), thus mitigating water 
absorption properties. The chemical component in the resin can be cross-linked with hydroxyl groups in 
kenaf fibres, which reduces the hygroscopicity of the pressboards [27]. 

Compared to NP, KPP has excellent electrical characteristics that prevent the formation of PD. 
According to Table 2, the average PD magnitude for KPP at 0%, 1%, and 3% of moisture levels, 
respectively, was 89%, 84%, and 25% lower than NP. It might be because kenaf has low porosity, which 
makes PD less likely to form because there are less internal voids [28]. The results are consistent with those 
of Batouli et al. [29] and Yusoff et al. [30], who found that increased kenaf loading led to less porous 
composites, which offered higher shear resistance. Additionally, mixing polypropylene with kenaf could 
result in materials with improved PD resistance properties. This investigation was related to Fujita et al. [31] 
study, which discovered that the combination of cellulose and polypropylene provided excelent electrical, 
mechanical, oil-resistant, and oil-impregnate-able qualities and was well-suited for the insulation of high- and 
extra-high voltage oil-filled electric power appliances. Additionally, researchers discovered that cellulose and 
polypropylene combined produced a material with superior qualities than pressboard or common paper for 
commercial purpose, including good resistance to dielectric stress, low dielectric loss, high thermal 
resistance, and low permittivity [2]. 
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Figure 5. PRPD patterns after six-hour PD measurement (a) NPO, (b) KPPO, (c) NP1, (d) KPP1, (e) NP3, and 
(f) KPP3 


In furthermore, it was discovered that for both NP and KPP, PD magnitude increased with growing 
wetness. According to Table 2, when moisture increased from 0% to 1%, the PD magnitudes of NP and KPP 
somewhat increased. Average discharge for NP and KPP increased by no more than 15 pC once the moisture 
level increased from 0% to 1%. However, average discharges for NP and KPP increased dramatically to over 
78% at 3% of the moisture level. According to IEEE® Std. 62 - 1995's interpretation criteria for percentage 
of moisture by dry weight of paper, this anomaly could be explained [32]. According to the above-listed 
standard IEEE® Std 62, the pressboard was considered dry with 0 to 2% moisture. 


Table 2. Summary of partial discharge data 


Sample PD characteristics Moisture content (0%) Moisture content (1%) Moisture content (3%) 
Min Max Ave Min Max Ave Min Max Ave 
NP Discharge magnitude (pC) 95.5 326.2 236.9 86.8 539.0 249.1 612.8 1630.4 1166.5 
Phase occurrence of positive 30 140 - 60 160 - 30 150 - 
PDs (°) 
Phase occurrence of negative 200 320 - 240 340 - 200 300 - 
PDs (°) 
KPP Discharge magnitude (pC) 4.0 48.8 25.5 16.3 110.0 40.2 115.2 1120 871.7 
Phase occurrence of positive 20 90 - 10 150 - 60 170 - 
PDs (°) 
Phase occurrence of negative 200 300 - 190 330 - 225 300 - 
PDs (°) 
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However, when moisture levels were between 2 and 4%, wet insulation was detected, and when 
moisture levels exceeded 4.5%, extremely wet insulation was determined. Because both of these pressboards 
fell into the same category, there were no significant variations between 0% and 1% moisture in this instance 
(dry). As a result of the 3% pressboard being in the wet category, where a lot of moisture accelerated 
cellulose degradation, a considerable PD rise was seen. 


3.3. Statistical analysis of partial discharge magnitude 

To evaluate PD test results and define the magnitude distributions over the course of the test's six 
hours, a statistical approach was used. In this analysis, the mean, standard deviation, skewness, and kurtosis 
for each distribution were used to evaluate the PD magnitude. The dispersion and form of the PD distribution 
are indicated by the skewness and kurtosis. Greater PD magnitudes are indicated by positive skewness at 
lower phase angles and higher PD magnitudes by negative skewness at higher phase angles. Kurtosis will 
also reveal details about the PD data's shape properties. When the kurtosis is larger than 3 (Ku > 3), the PD 
magnitude distributions are said to be sharpened, but when it is less than 3 (Ku 3), the distribution is said to 
be flattened. 

Figure 6 displays the statistical moments of PD data collected for all samples over a period of six 
hours of testing. Figures 6(a) to (d) show the mean, standard deviation, skewness, and kurtosis of the PD 
magnitude during a period of six hours, respectively. Over the course of six hours of measurements, the mean 
for NPO steadily rises from 100 pC to 350 pC. In the third hour, the burst PD was observed and the KPPO 
varied. The sudden changes in PD magnitudes are known as bursts, and they happened during PD distribution 
fluctuations, indicating that activity of space charge increased during rapid increasing in PD occurrences 
[33]. The PD magnitude gradually dropped following the PD burst until the experiment's completion. The 
average PD magnitude ranged between 4 and 50 pC. 

For the first three hours, the mean PD magnitude of NP1 rapidly elevated. This outcome is in line 
with that of Niasar et al. [34], discovered that huge discharge pulses first developed just after electrical stress. 
This may have happened because there were initial free electrons available inside the cavity, which triggered 
discharge to occur across the cavity, raising the magnitudes of PD [34]. After the third hour, the PD 
magnitude then rapidly dropped to 100 pC. It was noted that the PD burst in the case of KPP1 happened 
within the first 25 minutes. When dramatic variations in PD magnitudes had place, PD bursts were seen. This 
demonstrated that the activity of space charge rose during the PD events' bursts [35]. Before stabilizing at 40 
pC, the mean PD magnitudes varied during the first 100 minutes. 

In the case of NP3, the mean value displays a notable rise in PD magnitude, however the value 
decreased during the final hour. This was most likely caused by the residual ions and PD byproducts, which 
shielded the empty surface by covering it. The voltage across the void then dropped, which reduced the 
intensity of the discharge [34]. The PD magnitude was between 600 pC and 1500 pC. Finally, for KPP3, 
there was a gradual increase in PD magnitude with minor fluctuations. After 100 minutes of measurement, 
the PD magnitudes remained between 800 pC and 1000 pC until the end of the experiment. 

Figure 6(b) describes the standard deviation for NPO, KPPO and KPP1. Minor fluctuations happen in 
the first two hours of the experiment, followed by no changes. The NPI standard deviation fluctuated 
recognizably for the early 3 hours, then reduced to a minimum for the later part of the experiment. The NP 
and KPP at 3% moisture show significant changes in the standard deviation for the rest of the experiment. 

The skewness and kurtosis, meanwhile, varied steadily throughout time. According to Figures 6(c) 
and (d), the majority of PDs data were skewed to the right due to NPO, showing the greater PD magnitude at 
a lower phase angle. While this is going on, the measurement defining the PD magnitude distribution has a 
flattened peak, which causes the kurtosis to behave more negatively (Ku3). The skewness and kurtosis 
variances are consistent with the finding of Ahmad ef al. [33]. On the other hand, KPPO's skewness and 
kurtosis varied with time. Since most of the PD's data have more than zero skewness, the skewness has a 
greater negative impact. The kurtosis, meanwhile, demonstrates that Ku3 causes the majority of the data to 
spread flatly. Positive kurtosis (Ku3) shows that the PD magnitude had a more flattened distribution, while 
the skewness features of NP1 demonstrate that the distribution of PD magnitude was primarily titled toward 
to the right (>0). Most PD magnitude distributions for KPP1 have kurtosis smaller than 3 (Ku<3), with both 
positive and negative skewness and kurtosis being present. Thus, the flattened distribution may be seen in the 
PD magnitude. 

For NP3, the skewness and kurtosis display both positive and negative distributions. The majority of 
PDs data show negative skewness (0) and kurtosis (Ku 3), according to the distribution patterns. Last but not 
least, KPP3's skewness and kurtosis demonstrate conflicting PD data in which both statistical parameters are 
likely to have a negative distribution. 
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Figure 6. PD data collected for all samples over a period of six hours of testing (a) Mean, (b) standard 
deviation, (c) skewness, and (d) kurtosis of partial discharge magnitude for all samples 


3.4. Scanning electron microscopy (SEM) Analysis 

The fibre morphological analysis was done by conducting SEM analysis on the surface and cross- 
sectional area of pressboards. When a sample is exposed to an intensely concentrated electron stream from an 
electron gun, high-energy electrons that are liberated from the sample's surface are detected by SEM. This 
electron beam is focused to a small area on the sample surface using the SEM objective lens. 


3.4.1. Surface morphology 

The surface morphology of dried NP and KPP before and after PD testing is shown in Figures 7 
and 8. Over the course of six hours, pressboards were subjected to varying voltage stresses for PD 
characterisation. Figures 7 and 8 demonstrate how completely different the surface structures that NP and 
KPP presented were. It was discovered that KPP has a smooth, flat, and non-fibrous surface structure 
whereas NP has a structure of tightly packed cellulose fibers. 

Figure 7(a) shows a densely woven network of cellulose fibers for NPO that is devoid of any 
deformation components Even though the cellulose fibers' links were made more tightly, there were still a 
few microscopic gaps between the links. Despite this, two elements-surface roughness and fiber diameter- 
were seen to change after PD events. After PD events in Figure 7(b), it was seen that the surface of the fibers 
had grown rougher and more deformed. Additionally, some fibers’ irregularly sized fibers were cleaved by 
the impact of PD. These outcomes agreed with those of Zhang et al. [12], who discovered that the thermally 
aged paper had a rougher surface, a shorter length, a smaller thickness, a more sparse structure, and wider 
gaps between fibers. 

However, for KPPO, in Figure 8(a) no fibers were visible on the kenaf pressboard's surface because 
they were buried inside the pressboard. Figure 8(b) demonstrates that a small flaw (micro size) developed on 
the surface of the kenaf pressboard following PD measurement. On several areas of the surface of the kenaf 
pressboard, PD activity left an irregular black coloring. A cross-section SEM was performed in a different 
section since the KPP revealed no fiber structure. 
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(b) 


Figure 7. Surface morphology of NPO (a) before partial discharge measurement and (b) after partial discharge 
measurements 


(a) (b) 


Figure 8. Surface morphology of KPPO (a) before partial discharge measurements and (b) after partial 
discharge measurements 


3.4.2. Cross-section morphology 

Figure 9 shows the KPPO cross-sectional structure. Figures 9(a)-(b) it was made very obvious that 
kenaf fiber has a larger diameter and a shorter length than NPO, this fiber property was mentioned in the 
study by Saleh et al. [36]. The inside part of the kenaf fiber did not show any notable alterations. The void 
discharge's hits lack the energy to sever the fibers of kenaf. 


(a) (b) 


Figure 9. Cross-section view of KPPO (a) before partial discharge measurements and (b) after partial 
discharge measurements 


In conclusion, it was found that KPP has a non-fibrous surface morphology while NP has a densely 
packed surface structure. A cross-section picture of KPP reveals its fiber structure. Additionally, it was noted 
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that KPP had a structure with a bigger diameter and short fibers. Following the onset of PD, the diameter and 
roughness of the NP surface fiber changed significantly. The tested pressboard was a fresh sample that had 
not gone through any heat aging, therefore the NP structural changes were minimal. 

In contrast, the surface of the KPP was found to have an irregular black color. No significant 
changes have occurred based on the internal fibre structure. Thus, it can be interpreted that both types of 
pressboards undergo surface degradation due to the impact of PD, which did not entirely occur in the internal 
part. 


3.4.3. Surface deterioration 

Using an optical microscope (Olympus BX60) with a 200x magnification, the surface degeneration 
of pressboards was examined after six hours of PD operation. Figure 10 dealt with the photographs of sample 
deterioration. Figures 10(a) and (b) show, for NPO and KPPO, respectively, the surface deterioration image 
effect of PD activities. A little black area was drawn in Figure 10(a) at the center of the NPO surface, just 
next to the spherical HV electrode. A strong electric field converging at the pressboard's center during PD 
measurement increased the PD activities. Figure 10 depicts the surface of KPPO where a micro flaw was 
found (b). 

Figures 10(c) and (d) show, for NP1 and KPP1, respectively, the effects of surface deterioration 
photos of PD activities at 1% moisture content. The carbonized traces on the surface of NP1 in Figure 10(c) 
have steadily risen as compared to NPO. Figure 10(d) for KPP1 clearly shows a dented area in the middle of 
KPP1, which is where the HV electrode was attached. Due to repeated PD operations, Cheng et al. [37] 
found that the high voltage electrode was close to the severe carbonization point. 

Figures 10(e) and (f) respectively exhibit the surface deterioration images for NP and KPP at 3% 
moisture content. Both NP and KPP display nearly that very same images of degeneration at 3% level of 
moisture condition. One condition that increases partial discharge activity and, as a result, erodes the 
insulation and creates carbon traces, or carbon tracks, is moisture. When the surface rails deteriorate 
sufficiently, the transformer will eventually experience electrical failure [37]. 


(a) (b) 


200 um 


(e) (f) 


Figure 10. Surface deterioration impact from partial discharge measurement (a) NPO, (b) KPPO, (c) NP1, (d) 
KPP1, (e) NP3, and (f) KPP3 
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4. CONCLUSION 

Under 0%, 1%, and 3% moisture conditions, the PD measurement was successfully completed for 
KPP and NP over a period of six hours. Based on the statistical analysis and PD magnitude in the PRPD 
pattern, the PD features were examined. The findings showed that for each moisture condition, KPP has 
better PD mitigation efficiency than NP. KPP demonstrated 89%, 83%, and 25% decreases in average PD 
magnitude at moisture levels of 0%, 1%, and 3%, respectively. Additionally, the presence of moisture in KPP 
and NP has had a substantial impact on the development of PD. At 0% and 1% moisture, there was no 
discernible difference in PD magnitude between the two types of pressboard. However, at the greatest 
moisture level indicating wet insulation (3%), it has sharply grown to more than 80%. In terms of surface 
deterioration, both pressboards were affected by PD occurrences. Carbon tracks were also formed on KPP 
and NP surfaces with a maximum moisture content of 3%. Overall, KPP has better electrical properties than 
NP when it comes to stopping PD from happening. 
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